alterations that typically appear in congenitally athymic (nude) mice, taken as a suitable model of neuroendocrine and reproductive aging. The present article briefly reviews the literature on the physiology of the thymulin-pituitary axis as well as on the new molecular tools available to exploit the therapeutic potential of thymulin.
thymus for a proper maturation of the neuroendocrine system is revealed by the endocrine alterations caused by neonatal thymectomy or congenital absence of the thymus. In effect, congenitally athymic (nude) female mice show significantly reduced levels of circulating and pituitary gonadotropins, a fact that seems to be causally related with a number of reproductive derangements described in these mutants [4] . Thus, in homozygous (nu/ nu) females, the times of vaginal opening and first ovulation are delayed [5] , fertility is reduced [4] and follicular atresia is increased such that premature ovarian failure results [6] . Similar abnormalities result from neonatal thymectomy of normal female mice [7, 8] . Ovaries of athymic mice respond normally to exogenous gonadotropins, suggesting that the defect is at the level of the hypothalamo-pituitary axis [9, 10] . In homozygous adult nude CD-1 male mice, thyrotropin, prolactin (PRL), growth hormone (GH) and gonadotropin responses to immobilization and cold stress are reduced as are serum basal levels of the same hormones as compared to the heterozygous counterparts [11] [12] [13] . A functional impairment of the hypothalamo-adrenal axis has been reported in nude mice suggesting that humoral thymic factors may play a role in the maturation of this axis [14] .
Thymulin is a thymic metallopeptide involved in several aspects of intra-and extrathymic T cell differentiation [15] . Thymulin, which is exclusively produced by the thymic epithelial cells (TEC) [16] , consists of a biologically inactive nonapeptide component termed FTS (an acronym for serum thymus factor in French), coupled in an equimolecular ratio to the ion zinc [17] , which confers biological activity to the molecule [18] . The metallopeptide active form bears a specific molecular conformation that has been evidenced by nuclear magnetic resonance [19] .
Neuroendocrine Control of Thymulin Production
Thymulin exerts a controlling feedback effect on its own secretion both in vivo and in vitro [20, 21] . Additionally, thymulin production and secretion is influenced directly or indirectly by the neuroendocrine system [22] . A particularly relevant pituitary hormone is GH which can influence thymulin synthesis and secretion. In vitro , human GH can stimulate thymulin release from TEC lines [23] which are known to possess specific receptors for GH [24] . Animal studies have shown that treatment of aged dogs with bovine GH partially restored their low thymulin serum levels [25] . In old mice, treatment with ovine GH increased their low circulating thymulin levels and enhanced the concanavalin-A-dependent proliferative response of their thymocytes, as well as interleukin-6 production [26] . In old rats, combined treatment with GH and thyroxine (T 4 ) was also able to partially restore their reduced thymulin levels [27] . In clinical studies, it was reported that in congenitally GH-deficient children, who consistently exhibited low plasma thymulin levels, GH therapy succeeded in increasing thymic hormone levels to near-normal values [28] . Acromegalic middle-aged patients have elevated thymulin serum levels compared to age-matched normal subjects [23, 28] . It is likely that these effects of GH are mediated, at least in part, by insulin-like growth factor 1 as suggested by the fact that the GH-induced enhancement of thymulin production could be prevented by previous treatment with antibodies against insulin-like growth factor 1 or insulin-like growth factor 1 receptor [23] .
There is also evidence for a PRL-thymulin axis. Thus, it is known that TEC possess PRL receptors [29] and that PRL can stimulate thymulin synthesis and secretion both in vitro and in vivo [30] . Furthermore, administration of PRL to old mice elevated their reduced circulating levels of thymulin [30] .
The thyroid axis also influences thymulin secretion. Thus, T 4 has been shown to stimulate thymulin synthesis and secretion in mice [31] . In vivo treatment of mice with triiodothyronine enhanced thymulin secretion whereas treatment of the animals with propylthiouracil, an inhibitor of thyroid hormone synthesis, decreased their circulating thymulin levels [32] . In humans, hyperthyroidism brings about an increase in circulating thymulin levels whereas hypothyroid patients show depressed levels of this thymic hormone [33] . In in vitro studies, it was shown that thyroid hormones stimulate thymulin secretion by a direct action on TEC [34, 35] . Interestingly, it has been shown that treatment of aged animals with T 4 can reverse their decreased thymulin levels [31] .
Although there are no studies documenting a direct effect of gonadotropins or adrenocorticotropic hormone on thymulin secretion, gonadectomy or adrenalectomy in mice are known to induce a transient decrease in serum thymulin levels [36] . This effect is potentiated by the simultaneous removal of the adrenals and gonads [36] . In TEC cultures, it was shown that exposure to physiological levels of glucocorticoids or gonadal steroids enhanced thymulin concentration in the cell supernatants [37] .
Although there is no rigorous evidence proving the existence of hypothalamic factors able to influence thymulin production by a direct action on TEC, there are two studies which suggest that this may be the case. Treatment of old mice with hypothalamic extracts from young mice resulted in reappearance of detectable levels of circulating thymulin [38] . Hypothalamic and pituitary extracts from young mice stimulated thymulin release from TEC cultures but this stimulation declined when the pituitary and hypothalamic extracts were obtained from old mice [39] .
Hypophysiotropic Activity of Thymulin
The multilateral influence that the neuroendocrine system exerts on thymulin secretion suggests that this metallopeptide could in turn be part of a feedback loop acting on neuroendocrine structures. This possibility is now supported by a significant body of evidence indicating that thymulin possesses hypophysiotropic activity . Thus, thymulin has been shown to stimulate luteinizing hormone (LH) release from perfused rat pituitaries [40] and adrenocorticotropic hormone from incubated rat pituitary fragments, the latter being an effect mediated by intracellular cyclic adenosine monophosphate and cyclic guanosine monophosphate accumulation [41] . In an in vitro study using pituitary cells obtained from female rats in different days of the estrous cycle it was observed that thymulin modulates the stimulatory activity of gonadotropin-releasing hormone on LH and follicle-stimulating hormone release [42] . Thymulin has been found to stimulate GH, PRL, thyrotropin and gonadotropin release in dispersed rat pituitary cells at doses from 10 -8 to 10
-3 M [43] [44] [45] , whereas others have reported that thymulin doses of 10 -11 M stimulate LH, inhibit PRL release and have no effect on GH secretion in incubated rat pituitary fragments [41] . The stimulatory effect of thymulin on hormone release in rat pituitary cells declines with the age of Color version available online the cell donor, which suggests that aging brings about a desensitization of the pituitary gland to thymic signals [43] [44] [45] .
There is in vitro and in vivo evidence suggesting that thymulin plays a role in the regulation of female spontaneous puberty, possibly through effects on pituitary gonadotropin release and ovarian steroidogenesis [40, 42, [46] [47] [48] . Thymulin also modulates gonadotropin-induced testicular steroidogenesis [49] .
Immunoneutralization studies have strengthened the hypothesis that thymulin is a physiologic mediator of the perinatal influence of the thymus on neuroendocrine maturation. Thus, neonatal immunoneutralization of circulating thymulin in otherwise normal C57BL/6 mice induced significant morphologic alterations in most anterior pituitary endocrine cell populations [50, 51] as well as a reduction in circulating levels of gonadotropins, thyrotropin, PRL and GH [ 51, 52 ; unpubl. obs.].
Construction of Synthetic Genes for Thymulin
The prospect of implementing thymic hormone gene therapy appears as an interesting avenue of research aimed at restoring endocrine thymic activity when thymus function is compromised. However, none of the genes coding for the known thymic peptides has been cloned, a situation that hinders the implementation of gene or other molecular therapies for thymic hormones. It was suggested that a possible way to overcome this problem could be to construct 'artificial genes' coding for those thymic peptides whose amino acid sequences were short and required no posttranslational processing [53] . This was achieved for thymulin and the corresponding DNA sequence was initially cloned in a bacterial plasmid [54] . More recently, a DNA sequence coding for the biologically active FTS analog called metFTS was constructed and cloned in an adenoviral vector termed RAd-met-FTS [55] .
When intramuscularly administered to thymectomized mice and rats (whose circulating levels of thymulin are nondetectable), RAd-metFTS induced sustained supraphysiological serum levels of biologically active thymulin which remained high for at least 112 days in mice [55] and for over 320 days in rats. Interestingly, adenovirally mediated expression of the synthetic gene for met-FTS in the substantia nigra and hypothalamus of adult thymectomized rats had a significantly longer duration than adenovirally mediated expression of the gene for green fluorescent protein (GFP) or Escherichia coli ␤ -galactosidase in the same brain regions [56] . This phenomenon could be due to the anti-inflammatory activity in the brain reported for thymulin and some thymulin analogs [57, 58] . The anti-inflammatory activity could prevent the immune system of the vector-injected animals from mounting a destructive response against the transduced cells. The same rationale could explain the longterm persistence of high concentrations of recombinant metFTS in the circulation of RAd-metFTS-injected thymectomized rodents [55] .
Regulatable Adenovectors for Thymulin
The first adenovector harboring the metFTS sequence (RAd-metFTS) expressed its transgene constitutively [55] . More recently, a Tet-Off regulatable bidirectional plasmid system expressing the genes for humanized green fluo rescent protein (hGFP) and metFTS was constructed [unpubl. obs.]. It harbors two expression cas- Fig. 2 . Effect of neonatal thymulin gene therapy on serum LH and follicle-stimulating hormone (FSH) in nude mice. The indicated vectors were intramuscularly injected at birth and the animals were bled 51-52 days afterwards for serum LH and follicle-stimulating hormone determination. Significance of differences between RAd-GFP-injected animals (placebo) and RAd-metFTSinjected counterparts are indicated by * p ! 0.05 or * * p ! 0.01. Image used with permission [52] . settes: a pCMV-tTA cassette that expresses the chimeric regulatory protein tTA, which binds to the regulatable bidirectional promoter of the bidirectional cassette hGFP-TRE-metFTS and activates it, thus inducing the expression of the transgenes for hGFP and metFTS. If the antibiotic doxycycline (DOX) is added to the medium, it binds to an allosteric site on the tTA protein and causes it to dissociate from the regulatable promoter thus turning off transgene expression ( fig. 1 ) . A two-viral vector version of this system was also constructed. It consists of two adenoviral vectors; one, RAd-tTA, expresses the tTA regulatory protein and the other, RAd-(hGFP-TREmetFTS) bidir , expresses the bidirectional regulatable cassette for GFP and metFTS. When a cell is cotransduced by both vector components, RAd-tTA expresses the tTA regulatory protein, which binds to the regulatable promoter (P min CMV-TRE-P min CMV) of the second vector and activates the expression of both transgenes. If DOX is added to the medium, it inhibits transgene expression by the mechanism described above. The system was successfully tested in cell lines and in the brain and muscle [unpubl. obs.]. These bidirectional vectors allow a ready visualization of metFTS expression in tissues and organs by fluorescence microscopy (if GFP is expressed, then metFTS also is because they are under the control of a single promoter). The regulatability by DOX of these vectors allows the experimenter to turn off and on transgene expression in vivo by respectively adding or removing DOX from the drinking water.
Neonatal Gene Therapy for Thymulin in Nude Mice
A single intramuscular injection of RAd-metFTS in newborn nude mice (nude mice have undetectable circulating levels of thymulin) elicited long-term restoration of serum thymulin in these mutants. This treatment was able to prevent the deficits in serum LH and follicle-stimulating hormone that typically appear in adult female nudes ( fig. 2 ) [52] . Furthermore, neonatal thymulin gene therapy (NTGT) in nude female mice has been found to significantly prevent the ovarian dysgenesis that usually develops in 70-day-old female nude mice [59] .
In nude mice, NTGT has also been shown to partially prevent the alterations of some of the endocrine cell populations that occur in these mutants after puberty. Thus, NTGT prevented the reduction in the number of gonadotrophs, thyrotrophs and corticotrophs in adult nudes [51, 60, 61] . NTGT also prevented, to a varying extent, changes in other histomorphometric parameters in the anterior pituitary of adult nudes. Thymulin administration to nudes marginally decreased their hypothalamic content of corticotropin-releasing hormone and slightly increased the adrenal content of corticosterone of these mutants [61] . NTGT had the highest histomorphometric impact on the gonadotrophic population of nudes [60] .
Concluding Remarks
Thymulin is probably the best characterized of all putative thymic hormones and seems to play a physiologic role in thymus-pituitary communication, particularly during perinatal life. Interest in the therapeutic use of thymulin flourished during the 1970s and 1980s when efforts were almost exclusively focused on using thymulin (and other thymic peptides) for the treatment of autoimmune and other immunopathologies as well as cancer [62, 63] . Subsequent studies, most of them carried out during the last 18 years, established that thymulin is active on the hypophysis and the brain. This awareness and the recent availability of a synthetic gene for metFTS as well as sophisticated viral vectors have opened new avenues for the exploration and eventual exploitation of the therapeutic potential of this metallopeptide.
